This study analyses uncertainties associated with the main features of the annual cycle of West African rainfall (amplitude, timing, duration) in 15 CMIP5 simulations over the Sahelian and Guinean regions with satellite daily precipitation estimates. The annual cycle of indices based on daily rainfall such as the frequency and the intensity of wet days, the consecutive dry (CDD) and wet days (CWD), the 95 th percentile of daily rainfall (R95) have been assessed. Over both regions, satellite datasets provide more consistent results on the annual cycle of monthly precipitation than on higher-frequency rainfall indices, especially over the Guinean region. CMIP5 simulations display much higher uncertainties in both the mean precipitation climatology and higher-frequency indices. Over both regions, most of them overestimate the frequency of wet days. Over the Guinean region, the difficulty of models to represent the bimodality of the annual cycle of precipitation involves systematic biases the frequency of wet days. Likewise, we found strong uncertainties in the simulation of the CWD and the CDD over both areas. Finally, models generally provide too early (late) onset dates over the Sahel (the Guinean region) and overestimate rainfall during the early and late monsoon phases. These errors are strongly coupled errors in the latitudinal position of the ITCZ and do not compensate at the annual scale nor when considering West Africa as a whole.
Introduction

18
The annual cycle of monsoon precipitation is a primary feature of West African Climate (e.g.
•
The frequency of daily precipitation events is the number of days with precipitation higher than 1 87 mm;
88
• The Simple daily intensity index is the mean intensity of daily precipitation events; 89 • The Consecutive Dry Days (CDD) index is the number of consecutive dry sequences of more than 90 5 days (dry spells). A dry day is defined as a day with precipitation less than 1 mm;
91
• The Consecutive Wet Days (CWD) index is the number of consecutive wet sequences (or wet 92 spells) lasting more than 5 days. A wet day is defined as a day with precipitation higher than 1 93 mm;
94
• The 95th percentile of daily precipitation events (R95) is the value above which 5% of the daily 95 precipitation events (days with precipitation higher than 1 mm) are found; 96 • Total precipitation with respect to the R95p (R95ptot) is the fraction of precipitation accounted for 97 by the very wet days (daily rainfall above R95).
98
These indices are calculated for each grid point, using the full length of each dataset, and then averaged 99 over each month and each domain.
100
As recalled in the introduction, the Sahelian and Guinean regions display quite distinct rainfall 101 regimes [42, 44, 45] . The Sahel is characterized by a single rainy season occurring from June to September, 102 while the rainfall regime over the Gulf of Guinea presents a bimodal structure with one peak in June 103 during the northward migration of the Inter-Tropical Convergence Zone (ITCZ) and another one in 104 September during the southward retreat of the ITCZ. Here, the ITCZ position and width are determined 105 over a West African domain extending from 0 to 20 • N and 20 • W to 25 • E following the method of 106 d'Orgeval [46] . The method can be summarized as follows: 107 First, grid points where precipitation exceeds P t = 2 mm/day are retained (we did not find any noticeable change with Pt = 1, 3 and 4 mm/day) . This threshold value allows to capture a fairly large monsoon band for all the simulations. The threshold is subtracted to the precipitation exceeding it. This provides a mapping of the ITCZ. Then if n is the number of grid points above 2 mm/day; i, the index of one point; P i , the precipitation at the grid point i; and lon i and lat i the coordinates ( longitude and latitude, respectively) of i; the latitudinal position of the center of the ITCZ is computed as follows:
The width of the ITCZ is considered as the standard deviation of the distribution in latitude:
In order to characterize the timing of the monsoon season and its length, the method of Liebmann day of the year. Starting from 1st January, the sum of the difference between the climatological daily average (M i ) and the climatological annual-mean (M) gives the climatological accumulated anomaly (C). The day when the minimum of C is reached is defined as the start of the climatological water season (noted Ds) and day of the maximum marks the end (De).
The onset for each year and each grid point is then determined and compared to their climatological values. For each year of record, beginning 50 days prior to the start of the climatological water season and ending at its end, daily precipitation (RR j ) minus the long-term annual-mean daily average (M) is summed. This sum is called the anomalous accumulation (A). The day after which the value of A reaches its absolute minimum is the onset date since, from that day onward for this particular year, accumulated precipitation exceeds what would be expected from climatology. Conversely, the day on which A reaches the maximum is the cessation date of the wet season. 
Results
precipitation, even those models which underestimate it during the monsoon (e.g. in March in the Sahel).
140
Focussing now on the annual cycle of the frequency of wet days, satellite datasets agree reasonably 141 well over the Sahel. The maximum frequency occurs during the core monsoon season in August, and 142 it is lower in TRMM and GPCP than in CHIRPS (by 10%). A higher frequency is observed in CHIRPS 143 over the Guinean region too, but there satellite datasets display a large spread in Spring (April-May), 144 reaching about 20%. Interestingly, the annual cycle of the frequency of wet days displays a well-defined 145 bimodal structure in GPCP and CHIRPS, while this characteristic is much less pronounced in TRMM.
146
CMIP5 simulations capture roughly the structure of these annual cycles (Figure 2c,d bimodal structure which is much better represented in GPCP and TRMM in June and September.
172
CHIRPS shows its first peak in July and the second one in September whereas TRMM displays peaks 173 in April and June. Note that, in these two datasets, the intensity does not fluctuate much from June 174 to September. There is also a wide spread among models on the representation of the intensity of 175 wet days, but with a dominantly positive bias on the amplitude of the signal (Figure 2f ). In terms of 176 temporal evolution, most models display a unimodal structure of the intensity of wet days except 177 for models whose displayed a bimodal structure of the mean precipitation. Given the uncertainties 178 in observational datasets, it is not possible to conclude as to which models perform better over this 179 region.
180
Finally, it is noticeable that over both regions and in observational datasets as well as in models, 181 the annual cycles of the intensity and of the frequency of wet days are both very strongly correlated 182 with the annual cycle of the mean precipitation (see Table A2 ), which implies in particular that model 183 biases in the annual cycles of these variables are linked.
184
In summary, one can retain that the annual cycle of wet days intensity is in general poorly 185 represented in models over the two areas, with particularly large uncertainties regarding the 186 magnitude. Over the Sahel models' uncertainties in the annual cycle of precipitation are related 187 to both the uncertainties in the frequency and intensity of wet days. On the other hand, biases in the representation of the bimodal structure over the Guinean region appears to be more closely related to 189 the representation of the intensity than the frequency of wet days in models.
190
It is important to note that with a finer grid resolution (0.5 • x0.5 • ; see Figure A1 ), the frequency (resp. 191 intensity) of wet days decreases (increases) in observational datasets while the associated uncertainties 192 increase with more differences in the frequency and intensity of wet days among those datasets (e.g. and have a normalized standard deviation close to 1(slightly > 1 for GPCP and = 1 for TRMM), again 204 consistent with the slightly higher values of that index in GPCP and TRMM noted in Figure 2e .
205
In line with the results presented in Figure 2b ,d,f, over the Guinean region, the correlation of 206 TRMM and GPCP with CHIRPS is stronger on the annual cycle of the mean precipitation and the 207 frequency the intensity. The normalized standard deviation is slightly less than 1 on the annual cycle 208 of precipitation and frequency of wet days, as TRMM and GPCP indicate a lower frequency of wet 209 days than CHIRPS ( Figure 2d ).
210
In models, except BCC-CSM1 and MRI-CGCM3, the annual cycles of the mean precipitation, of 211 the frequency and intensity of wet days correlate well with CHIRPS over the Sahel, confirming the fact that in this area, models are in general able to qualitatively capture the unimodal structure of the annual evolution of precipitation ( Figure 3a ). However, the distribution of values is scattered along the standard deviation axis, which indicate how the uncertainties in the amplitude of precipitation standard deviation is close to 1 but some others models display very strong (1.55 for CSIRO-Mk3) 218 or weak values (< 0.50 for BCC-CSM1 and MRI-CGCM3). Figure 3a also reveals that over the Sahel, 219 uncertainties in total precipitation come from both uncertainties on the intensity and the frequency 220 of wet days. Over the Guinean region, Figure 3b shows much weaker correlations compared to the 221 Sahel. This is partly due to the poor representation of the bimodal structure of precipitation in the 
The annual cycle of extreme precipitation indices 240
In this section, we focus on the annual cycle of extreme precipitation indices (presented in section
2) provided by satellite datasets and CMIP5 models (Figure 4 ).
242
First, Figure 4a shows that over the Sahel, the structure of the annual cycle of 5-days CWD is very 243 similar in the three satellite datasets, but TRMM and GPCP provide less wet spells than CHIRPS. Over 244 the Guinean region, more important differences are noted in observational datasets (Figure 4b) with 
313
Over the Sahel, the mean onset and cessation dates are close in the observational datasets (around 314 1 June for the onset and 9 October for the cessation), with differences of less than three days. The 315 standard deviation of both dates is on average +/-7 days for these observational datasets.
316
In CMIP5 models, except for MPI and IPSL simulations, the onset occur earlier than in 317 observational datasets, by up to several weeks (from 1 May for CCSM4 to 21 May for HadGEM-ES) 318 while cessation dates are closer to observed, even though sometimes a bit late in a few models (e.g. 20
319
October for BCC-CSM1). Conversely in MPI and IPSL models, the monsoon onset occurs later (from 8 320 to 20 June) and the cessation is also slightly later in the year for MPI. Likewise, the onset is too early 321 in the MMM while the cessation is closed to observed. Finally, rainfall is not distributed uniformly 322 during the monsoon: it rains more during the second half of the monsoon according to CHIRPS and 323 TRMM. This characteristic is at least partly captured by most models (Figure 6b ).
324
Over the Guinean region, there is relatively less agreement in the onset and cessation dates 325 obtained from observational datasets (differences reach 10 days); they respectively occur around the first half of April and in late October. These dates correspond to the start of the first season and the 327 end of the second season, which are both separated by the little dry season. In our case this dry phase 328 is not very pronounced, this is why we can use this method (keeping in mind that it can't provide 329 the intermediate onset and cessation dates over this region). Half of the annual cumulative rainfall is 330 recorded around 20 July, which is close to the middle of the monsoon season and indicates that there is 331 about as much rainfall during the first and second half of the monsoon season.
332
For CMIP5 models, the onset occurs either later (60% of models), from 15 April to 24 June or 333 close to observed (40%), while, as previously found over the Sahel, cessation dates are relatively closer 334 to observed. In most models, half of the annual cumulative rainfall is recorded during the first half 335 of the wet season, a date which varies from 15 July (CSIRO-Mk3) to 11 August (IPSL-CM5A-MR).
336
The exact values of these dates can be found in Table A1 . Finally, there is a slight length asymmetry 337 between the second (shorter) and third (longer) quartile in most models, in qualitative agreement with 
JAS mean of ITCZ position and width Figure 8 . Monthly mean of the latitude of the centre of the ITCZ band over West Africa (a) and the JAS mean of the latitude of the centre and the width of the ITCZ (b). r in legend indicate the correlation between the monthly mean precipitation and latitude of the centre of the ITCZ. For each box plot, the distance from minimum to maximum represent the width and the median is the ITCZ position.
In agreement with previous results, the differences between the observational datasets are weak.
411
TRMM and GPCP indicate slightly more precipitation over the Sahel (+33 mm and +75 mm respectively) 412 and slightly less over the Guinean region (-84 mm and -55 mm respectively), leading to slightly more 413 precipitation over West Africa (+9 mm and +48 mm respectively). The differences remain below 10% 414 except between CHIRPS and GPCP over the Sahel (+11%), but they indicate compensations between 415 the Sahel and the Guinean region which narrow the range of differences when considering West Africa 416 as a whole. Table 2 also (-37 mm). However, on a model-by-model basis, we do not find many cases of underestimation 424 over the Sahel combined with an overestimation over the Guinean region (see also Figure A4 and 425 Figure A7 ). Rather, in 66% of the models, it rains either too much or not enough over both regions, 426 which points to a primary bias in the simulation of the West African rainfall (rather than biases in its 427 latitudinal distribution), where about half of the models overestimates precipitation and the other half 428 underestimates it. 
Conclusions and perspectives 430
This study highlights how CMIP5 models represent the annual cycle of rainfall characteristics 11-year period for TRMM and GPCP).
438
Over both regions, CHIRPS, TRMM, and GPCP are found to agree in their depiction of the Figure A7 . Relation between the bias of July-September-mean precipitation and the bias of July-September-mean ITCZ position. Table A2 . Correlations between the annual cycle of mean precipitation and the frequency of daily precipitation events (R FREQ ), the mean intensity of daily precipitation events (R SDI I ), the cumulative dry (R CDD ) and wet (R CWD ) days, the 95 th percentile of daily precipitation events (R R95 ) and the contribution of very wet days (above R95) to total precipitation (R R95PTOT ) for the Sahel (left) and Guinean region (right) in observations and models. For p-values higher than 0.01, the correlation is written in grey. All correlation higher than 0.95 are in bold.
Observations and CMIP5 models
Sahel
Guinean region Table S1 : Correlations between the annual cycle of mean precipitation and the frequency of daily precipitation events (R FREQ), the mean intensity of daily precipitation events (RSDII), the cumulative dry (RCDD) and wet (RCWD) days, the 95 th percentile of daily precipitation events (RR95) and the contribution of very wet days (above R95) to total precipitation (R R95PTOT) for the Sahel (left) and Guinean region (right) in observations and models. For p-values higher than 0.01, the correlation is written in grey. All correlation higher than 0.95 are in bold.
doi:10.1002/9781118391297.ch1. 
